Global analysis of threat status reveals higher extinction risk in tropical than in temperate bird sister species EJE 2016, 2(1): 21-34,
Explosive growth of human population size and needs over the past decades was accompanied by massive global changes resulting in elevated extinction risk of many taxa (Barnosky et al. 2011) . Despite increasing amount of sources allocated to various conservation measures, recent analyses confirmed that the risk of extinction is permanently increasing in vertebrates and other taxa Hoffmann et al. 2010) . In this situation, it is crucial to enhance our knowledge about threatened taxa to allocate the conservation effort more efficiently (Pimm et al. 2014) .
A comparative analysis of ecological traits of threatened species is particularly useful for this purpose because it reveals general patterns in threat of the focal species groups (Estrada et al. 2015) . From this information, we can infer relative importance of particular threatening factors and, based on this assessment, we can set conservation priorities, which is essential for the development of successful strategies to mitigate threatening agents (Cardillo & Meijaard 2012; Dirzo et al. 2014 ).
In birds, various studies focused on traits correlated with increased extinction risk at the regional scale revealing relationships with habitat use, life histories or climatic niche (e.g. Manne & Pimm 2001; Trivino et al. 2013; Koleček et al. 2014a ). However, a global analysis assessing correlates of threat status is still lacking. Only Owens & Bennett (2000) used family-level approach to reveal that taxa more specialised to utilise particular habitats are more threatened due to habitat destruction, whilst taxa with slower life histories are more threatened because of direct human persecution.
To build on these earlier studies, we compiled a global dataset of traits for avian sister species containing a threatened and an unthreatened taxon in each sister species pair. Focusing on sister species is useful for discriminating the traits respon-Given increasing pressures upon biodiversity, identification of species' traits related to elevated extinction risk is useful for more efficient allocation of limited resources for nature conservation. Despite its need, such a global analysis was lacking in the case of birds. Therefore, we performed this exercise for avian sister species using information about their global extinction risk from IUCN Red List. We focused on 113 pairs of sister species, each containing a threatened and an unthreatened species to factor out the effects of common evolutionary history on the revealed relationship. We collected data on five traits with expected relationships to species' extinction risk based on previous studies performed at regional or national levels: breeding habitat (recognizing forest, grassland, wetland and oceanic species), latitudinal range position (temperate and tropics species), migration strategy (migratory and resident species), diet (carnivorous, insectivorous, herbivorous and omnivorous species) and body mass. We related the extinction risk using IUCN threat level categories to species' traits using generalised linear mixed effects models expecting lower risk for forest, temperate, omnivorous and smaller-bodied species. Our expectation was confirmed only in the case of latitudinal range position, as we revealed higher threat level for tropical than for temperate species. This relationship was robust to different methods of threat level expression and cannot be explained by a simple association of high bird species richness with the tropical zone. Instead, it seems that tropical species are more threatened because of their intrinsic characteristics such as slow life histories, adaptations to stable environments and small geographic ranges. These characteristics are obviously disadvantageous in conditions of current human-induced environmental perturbations. Moreover, given the absence of habitat effects, our study indicates that such perturbations act across different tropical environments. Therefore, disproportionally higher conservation effort in the tropics compared to the temperate zone is urgently needed. sible for differences in species threat status because it accounts for confounding effects of common evolutionary history of the species within each pair (Webb & Gaston 2003) . Therefore, traits that are shared within species pair, that is, those that are evolutionary stable and phylogenetically conserved, do not affect the observed relationships (Pigot & Tobias 2013) .
In this study, we focused on following traits in which relationships to species' extinction risk can be expected: habitat use, latitudinal breeding range position, migration strategy, diet and body mass. In respect to species habitat use, we predict (i) higher extinction risk for species breeding in open habitats because of joint effects of agricultural intensification (Doland et al. 2001) , expansion of cultivated land at the expense of natural steppe habitats (Foley et al. 2011 ) and forest encroachment on savannah and abandoned farmland (Sirami & Monadjem 2012) . Moreover, we predict (ii) higher extinction risk for oceanic species because of detrimental effects of techniques used in modern fisheries (Croxall et al. 2012) . Finally, we predict (iii) higher extinction risk in wetland species because of extensive loss of this habitat (Sterling et al. 2013) .
Concerning latitudinal breeding range position, we predict (iv) higher extinction risk of tropical species because of their life style, making them particularly sensitive to environmental changes: small geographic ranges (Orme et al. 2006 ), adaptation to stable environmental conditions (Janzen 1967; Fjeldså et al. 2012 ) and slow pace of life (Stutchbury & Morton 2001) . Concerning migration strategy, we predict (v) higher extinction risk for long-distance migratory species because of their higher sensitiveness to climate change impacts (Both et al. 2010) , hunting pressure during migration and in wintering grounds (Zwarts et al. 2009) , habitat loss at stop-over sites and wintering quarters (Vickery et al. 2014) . Concerning diet, we predict (vi) higher extinction risk in more specialised species (i.e. carnivores, insectivores, herbivores) than in less specialised species (omnivores) because of lower resilience of specialists to global changes (Jiguet et al. 2007) . Concerning body mass, we predict (vii) higher risk of extinction for larger-bodied species because of their lower potential for population recovery after environmental perturbations dictated by their long generation time (Saether et al. 2005) .
The aim of this study is to test these predictions and find the factors explaining elevated extinction risk for bird sister species at the global scale.
MATERIALS AND METHODS

Data
We used a database of bird sister species (n = 568 species pairs) published by Philimore et al. (2008) . For each species, we first extracted its threat status from IUCN Red List (www.iucnredlist. org accessed in October 2013). For further analysis, we used only the sister species pairs (n = 113) with one species being unthreatened (threat category 'least concern', LC) and the second species having any of the higher categories indicated elevated extinction risk (i.e. 'near threatened', NT; 'vulnerable', VU; 'endangered', EN; 'critically endangered', CR and 'extinct in the wild', EW; see Mace et al. 2008) .
In the next step, we collected information about habitat use and latitudinal range position from Sibley and Monroe (1990) . We recognised four broad habitat classes: forest, grassland, desert, wetland and ocean. Habitat class 'forest' (n = 111 species) contains various forest types and woodlands; 'grassland' (n = 62 species) contains various open habitats including steppe, savannah, arable fields, meadows and pastures, semidesert and scrub formations; 'wetland' (n = 37 species) contains various humid habitats including peatbogs and freshwater; 'ocean' (n = 16 species) contains marine species and species confined to oceanic islands. According to the latitudinal range position, we discriminated tropical (n = 142 species) and temperate (n = 84 species) species using location of their breeding ranges with respect to tropical and temperate zone, respectively. Tropical zone was defined as a latitudinal band between the tropic of Cancer and the tropic of Capricorn, temperate zone outside this band. When a species bred in both tropical and temperate zone, we assigned it to the category overlapping higher proportion of its breeding range. For this purpose, we searched for more information about range location of a given species in del Hoyo et al. (1992 Hoyo et al. ( -2002 Hoyo et al. ( , 2003 Hoyo et al. ( -2011 .
To collect information about species' migration strategy, life-history strategy and diet, we used del Hoyo et al. (1992 Hoyo et al. ( -2002 Hoyo et al. ( , 2003 Hoyo et al. ( -2011 . However, some species lacked information about one or more of these traits and these variables were thus available only for a subset of species pairs (n = 96). According to migration strategy, we classified species as migrants (n = 41 species) and residents (n = 151 species). As 'migrants', we defined species conducting seasonal movements outside their breeding range. As a surrogate for life-history strategy, we used species' body mass (in grams) assuming that larger bodied species invest more energy to survival and have thus 'slower strategies' being under the so-called 'K-selection', whilst smaller species invest more energy to actual reproduction and have thus 'faster' strategies being under 'r-selection' (Saether et al. 2005) . This gradient was confirmed as the most important life history axis in recent analyses focusing on variability in life history traits across large sets of species (Sol et al. 2012 , Koleček et al. 2014b . According to diet, we classified species into four categories defined by prevailing food: carnivores (n = 34 species), insectivores (n = 63 species), herbivores (n = 77 species) and omnivores (n = 18 species). These categories are frequently used in interspecific comparative studies (e.g. Böhning-Gaese et al. 2000 , Reif et al. 2010 . As the information about diet of the focal species was only available as a qualitative description in the text of del Hoyo et al. (1992 Hoyo et al. ( -2002 2003 , we identified a given species as a carnivore, insectivore or herbivore, respectively, if some food sources from a given diet category were explicitly described as its main food (e.g. fish for carnivores or seeds for herbivores). If the main food of a given species overlapped all three categories mentioned above, we classified the species as an omnivore.
All species data are provided in Supplementary Table 1.
Statistical analysis
Species threat status was a response variable in all analyses. For this variable, we used two types of coding: first, recognizing only threatened (1) and unthreatened species (0); and second, expressing increasing risk of extinction by numerical values for particular threat categories in the same way as is widely applying for calculating Red List Index (e.g. Hoffmann et al. 2010) : NT = 1, VU = 2, EN = 3, CR = 4, EW = 5. These two coding types mirrored in the error structure used in statistical analyses: binomial error structure has been used for the first type of coding and Poisson error structure for the second type.
We related threat status to species' traits by using generalised linear mixed effects models (GLMMs) with multiple factors and taking identities species pairs into account. In each model, explanatory variables with fixed effects were particular species traits tested together and an identifier of species pairs (each containing a threatened and an unthreatened species, see above) was a factor with a random intercept. As we had two datasets because of lack of data on some explanatory variables for some species, we have performed two sets of analyses: (i) models for analyses with full dataset (n = 113 species pairs) contained only habitat and latitudinal range position and (ii) into models for analyses with reduced dataset (n = 96 species pairs) were added migration strategy, body mass (after log transformation) and diet. For each dataset, we ran a model with binomial and Poisson error structure, respectively, according to the type of coding used for the response variable (see above). These models contained only the main effects of particular explanatory variables and were used for reporting parameter estimates. However, because the effect of habitat can depend on latitudinal range position (e.g. different threat of species breeding in temperate vs. tropical forests), we tested whether including the habitat × latitudinal range position interaction improves the model fit. We do not use these interaction models for reporting the main effects due to dependence of their values on interaction effects. Therefore, we ran eight GLMMs in total (see Table 1 for overview and description of all models).
RESULTS
Tropical species had higher threat level than their sisters breeding in the temperate zone according to GLMM taking into account pair-wise comparison between threatened and unthreatened sister species (Table 2) . This relationship was consistent irrespective to the type of coding used for the response variable and applied for both full and reduced datasets (Table 2a ,b). Irrespective to the type of coding used for the response variable, the relationship between threat level and species' habitat use was insignificant in full dataset (Table  2a) . However, focusing on the reduced dataset, we found that the relationship between species' threat level and habitat use became significant when the threat level was coded using categories expressing increasing extinction risk. Specifically, open habitat species were more threatened than their sister species breeding in forest habitats (Table 2b) . When using binary coding to discriminate between threatened and unthreatened species, the direction of the relationship remained the same but was much weaker and insignificant (Table 2b) .
The interaction between habitat use and latitudinal range position was insignificant irrespective to the type of coding used for the response variable (full dataset-binomial errors: χ 2 = 0.36, P = 0.948, whole model deviance = 305.7, degrees of freedom = 9; full dataset-Poisson errors: χ 2 = 1.73, P = 0.613, whole model deviance = 320.6, degrees of freedom = 9; reduced dataset-binomial errors: χ 2 = 2.65, P = 0.449, whole model deviance = 255.1, degrees of freedom = 14; reduced dataset-Poisson errors: χ 2 = 3.20, P = 0.362, whole model deviance = 265.7, degrees of freedom = 14).
None of the GLMMs showed a significant relationship between species' threat and their migration strategy, body mass and diet, respectively (Table 2) . 
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DISCUSSION
Our analysis of 113 pairs of globally threatened and unthreatened avian sister species showed higher threat for species breeding in the tropics. The result was consistent across different models and robust to manipulations of dataset (i.e. adding more factors to a limited set of species) and types of expression of the response variable: both simple binary coding as threatened versus unthreatened species and numerical transformation of IUCN categories of increasing extinction risk showed tropical breeding ranges of more threatened species. The remaining trait variables, namely, habitat use, migration strategy, body mass and diet, did not show any associations with threat level, albeit one model indicated significantly higher threat in species breeding in open habitats than in forest species. Higher threat level is for tropical species in accord with the studies recognizing majority of biodiversity hot spots, that is, sites of exceptionally high species richness under extreme human pressures, as being localised in the tropics (e.g. Manne et al. 1999; Orme et al. 2005; Jenkins et al. 2013) . One could argue that our result is just an artefact of a strong latitudinal gradient in bird species richness: Because the tropics harbour vast majority of global bird taxonomic diversity (Davies et al. 2007) , they should also sample a higher number of threatened species than the temperate zone by chance alone (Hurlbert & Jetz 2007) . This is true at the coarse scale of spatial resolution, although there are some mismatches between diversity and threat at the local level (Orme et al. 2005) . However, our analysis does not suggest that the higher threat of tropical species results from a sampling artefact. Indeed, tropical species account for almost 80% of total bird diversity (Newton 2003), whereas they represented only 63% of our sample size. Moreover, because of using a sister species approach, our data contained equal numbers of threatened and unthreatened species. This approach thus ensured that a higher threat level observed in tropical species is not caused by a simple fact that most birds are tropical, but that it results from some intrinsic factors elevating avian extinction risk in this part of the world.
Why are the tropical species more threatened that their temperate sisters? First, it is possible that environmental pressures are higher in tropical regions due to higher growth rate of human population and also higher rate of economic development (e.g. Butchart et al. 2010 , Janssen & Rutz 2011 , Laurance et al. 2014 . These pressures are reducing remaining areas of natural habitats forcing their bird species to higher risk of extinction , Laurance et al. 2014 . Alternatively, even if the pressures were similar in both latitudinal zones, tropical species evolved over long time in stable climatic conditions represented by modest changes in tropical ecosystems during Quaternary contrasting with great climatic oscillations and biome shifts in the temperate zone (Dynesius & Jansson 2000 , Sandel et al. 2011 . Therefore, temperate species that were unable to adapt to climatically induced disturbance and habitat fragmentation went extinct long before humans arrived. In contrast, their adaptation to stability made tropical species more sensitive to recent human disturbance resulting in their elevated extinction risk. Moreover, conservation legislation may be more developed and especially its enforcement more efficient in countries of "wealth north" (Sodhi et al. 2011 , Atkinson et al. 2014 leading to more improved bird protection and reduced extinction risk in the temperate zone compared to the tropics.
In addition, according to the Rapoport's rule, tropical bird species should have smaller breeding ranges than temperate birds (Stevens 1989) . As range size and population size are strongly correlated and small populations go extinct more frequently than large populations (Borregaard & Rahbek 2010) , small ranges of tropical birds (Orme et al. 2006 ) can make their populations more vulnerable to environmental perturbations and thus more threatened. Indeed, recent studies did not find much support for the existence of ecological mechanisms underlying Rapoport's rule (Šizling et al. 2009 ) and global variability of birds' breeding range sizes is predominantly shaped by areas of major land masses (Storch 2000; Orme et al. 2006 ). On the other hand, threatened birds are concentrated in montane areas in the tropics (Orme et al. 2005 ) and montane species have generally smaller range sizes (Fjeldså et al. 2012) . We thus cannot exclude that small range size of tropical species is the factor making them more vulnerable to threats discussed above resulting in their higher extinction risk.
We did not find a significant interaction between latitudinal position of breeding range and habitat. This indicates that environmental pressures acting in the tropics are not confined to a specific habitat. For example, species breeding in tropical forests are not more threatened than tropical savannah species, despite widely recognised pressures on tropical forests (e.g. Wilcove et al. 2014 ). Instead, it seems that threatening factors act simultaneously in different environments and we can speculate that despite tropical forests being the key habitat for global biodiversity, other habitats suffer from pressures of similar magnitudes (e.g. Sirami & Monadjem 2012) but less frequently reported. This corresponds to the above mentioned idea about a dominant effect of overall socioeconomic development of human societies in tropical countries.
The main effect of habitat was insignificant in all but one model. This model showed higher threat for open habitat than for forest species. This finding points at significance of various forms of degradation of these habitat including loss of pristine grasslands because of expansion of agriculture (Kamp et al. 2011) , agricultural intensification in highly developed regions (Donald et al. 2001 ) and land abandonment in less productive agricultural regions of North America and Eurasia (Laiolo et al. 2004 ). Moreover, it seems that climate change and changes in ecosystems functioning drive loss of open grasslands because of forest and shrub encroachment even in the absence of direct human influence, making this habitat particularly vulnerable (Davey et al. 2012; Sirami & Monadjem 2012) . On the other hand, despite increasing human pressure on primeval forest habitats in both tropical Wilcove et al. 2014 ) and temperate zones (Wesolowski 2005; Chyralecki & Selva 2016) , global net change in forest area is slightly positive or neutral (Hansen et al. 2013) , which can be beneficial for forest birds leading to their lower threat levels.
The model showed a significant effect of habitat contained species' extinction risk as a response variable expressed using several different threat levels (and had thus Poisson error structure). A similar model with the extinction risk expressed by a binary coding discriminating threatened and unthreatened species (and having thus binomial error structure) showed the same direction of the habitat effect, but without the statistical significance. Therefore, we suggest that the discrimination of several levels of threat reflecting an increasing extinction risk is more informative and should be preferably used in analyses testing the contributions of possible threatening factors.
However, the effect of breeding habitat was generally weak in our analyses. Such a weak effect was surprising, given generally high variability in species' habitat use (called beta-niche) at the species level compared to evolutionary stable traits such as beak morphology creating species' alfa-niche (Ackerly & Cornwell 2007 , Pearman et al. 2014 ). However, it seems that this variability is reduced within sister species, indicating the existence of niche conservatism in species' habitat use (Barnagaud et al. 2014) . Indeed, the same habitat category for both species was observed in 85% of sister species pairs indicating that our focal sister species did not diverge in their habitat niches, and this limited variability obviously translated into poor ability of this trait to account for variation in threat level. It is, however, possible that the use of a more detailed classification of species' habitat would uncover new patterns. Obtaining more accurate data on habitat use of threatened species should be a priority for avian conservation research.
The remaining three traits (migration strategy, body mass and diet) did not show any relationships to threat level in our focal avian sister species. Body mass and diet are known to be highly conserved in phylogeny (Ricklefs 2007; McGill 2008) , and thus it is not surprising that the species within pairs did not differ in these traits resulting in the absence of relationships to threat level. We suggest that their effects would be possible to detect if higher taxa were taken as units for analysis (see Owens & Bennett 2000) . Although migration strategies may be very different even amongst closely related species (Bruderer & Salewski 2008) , variability in this trait within our focal species pairs was low (82% of pairs showed the same migration strategy for both species). Similar to habitat use, migration strategy is thus not the trait accounting for differences in threat level between avian sister species. However, we note that our data did not discriminate between short-and long-distance migrants. As serious declines were found in long-distance migrants in both North America and Eurasia (Greenberg & Marra 2005) , it is possible that a finer classification of migration strategies would reveal a significant pattern.
In summary, our study based on pair-wise comparison of avian sister species showed significantly higher threat for tropical than for temperate taxa irrespective of their habitat use and accounting for several ecological and life-history traits. These results indicate that threatened birds are concentrated in the tropics, and conservation effort should be targeted into these areas not only because of their enormous biological diversity but also because of disproportionally higher threat of tropical compared to temperate species. Given the lower importance of the effect of birds' habitat use, suggesting that species under higher extinction risk are not confined to some specific habitats, we suggest that overall improvement of environmental conditions and legislation in countries located in the tropical zone may be a route to improvement. Lessons from some developing temperate regions, such as Eastern Europe (Koleček et al. 2014b) , imply that such a solution is achievable. (5) 
Supplementary Table 1: Characteristics of pairs (Pair) of avian sister species (Species) used for the analysis. Species extinction risk was expressed using IUCN categories recognising either threatened (1) and unthreatened (0) species (Threat_1) or levels of increasing threat with least concern (0), near threatened (1), vulnerable (2), endangered (3), critically endangered (4) and extinct in the wild
